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ABSTRACT 
This paper outlines the motivation and preliminary investigations into a novel method of 
characterising cartilage health for potential in vivo application.  Current in vivo indentation 
techniques, which primarily rely on stiffness measurements based on axial data, are unable to 
adequately distinguish between healthy and degraded tissue. The present in vitro study 
investigates the effects of controlled artificial degradation on the effective surface stretch, 
comparing the results with those obtained from the peripheral cartilage surrounding focal 
osteoarthritis.  Results suggest that this technique is highly sensitive, showing a maximum 
range of 14% effective surface stretch in a normal joint compared to 42% for axial strain 
measurements.  It is further demonstrated that the technique can discriminate between 
degenerative changes and the intrinsic variations in cartilage properties across the normal 
joint.  From these investigations we propose that the relationship between indentation and the 
in-plane strain field under the indenter can better distinguish degraded tissue than the 
currently used stiffness techniques. 
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Introduction 
Currently, the surgeon has no accurate way of judging, short of his or her visual 
impression, the integrity of the articular cartilage encountered at surgery.  This visual 
impression is important, but it is now widely accepted that visually normal cartilage is 
not necessarily healthy [1,2].  Although grading systems can be used to classify the 
stage of osteoarthritis, they cannot on their own facilitate treatment [3]. 
 
With the development of localised treatment technologies such as tissue engineered 
cartilage replacement and unicompartmental knee replacement, it has become critical 
to develop precise and objective measures which are capable of detecting the extent of 
articular cartilage degeneration at an early stage.  The ability to extend the current 
arthritic grading systems to optimise and leave the maximum amount of native host 
cartilage in a joint would facilitate the best tailored treatment. Further benefits may 
include a reduction in recovery time, rehabilitation and costs.  
 
Due to the high degree of structure-function coupling in articular cartilage, any 
change in the integrity of the constituents of the matrix, or in their interactions with 
each other, must manifest as a change in biomechanical performance.  Recent 
publications [4,5] have suggested that the afore-mentioned alteration in mechanical 
properties may be notable before any gross morphological change is apparent.  This 
would potentially make the mechanical test a useful indicator of early stage 
degeneration.   
 
Previous mechanical testing of both normal and osteoarthritic cartilage is extensive, 
yet broad in its approach.  A general understanding of the bulk properties of cartilage 
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and the subsequent changes due to osteoarthritis have been reported.  These include 
changes such as softening [4,6,7], different stress relaxation behaviour [7,8], and 
increased permeability [4].  In-depth studies of the outward progression of the focal 
region of the disease and its relation to osteoarthritic severity, however, have not been 
attempted.  
 
There has been increased interest in developing arthroscopic systems that can quantify 
and qualify the mechanical properties of articular cartilage at surgery [9-13].  Such 
systems tend to concentrate on the stiffness alone.  Buschmann et al. [14], in contrast, 
have used the streaming potential under indentation to detect matrix degradation by 
mechano-electrical analysis.  Other researchers are developing ultrasound techniques 
to measure stiffness, although these face similar problems to basic indentation 
[7,11,15-17].   
 
Published results from such techniques show wide variations in stiffness for normal, 
healthy tissue, in some cases as much as ±52% [11].  These measures can be used 
accurately and effectively to track small changes in the health of a particular 
specimen.  It is unreasonable, however, to assume that they can detect a small 
deviation from normal tissue properties with any confidence when juxtaposed with 
the possibility of these inherent variations.  When using the currently available 
mechanical techniques, a tissue must therefore be severely softened for a diagnosis to 
be made with a high degree of confidence.  As the surgeon is already able to 
determine moderate to severe softening without the aid of a separate diagnostic 
instrument, a more sensitive indicator will be required to aid or influence decision 
making. 
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It has been shown that while the biophysical properties of isolated general matrix may 
change significantly with degeneration, a measurement of in situ stiffness by 
indentation may be an unsatisfactory indicator of the tissue’s health, provided the 
articular surface is intact.  In their study on the physical indicators of cartilage health, 
Broom and Flaschmann [18] found that on-bone compliance tests alone were 
insensitive to degenerative changes in the structural integrity of the underlying matrix 
that could be readily detected by microscopic and swelling analyses.  The authors 
hypothesised that in situ, the articular surface layer, the subchondral attachment and 
the wider continuum of articular cartilage tend to restrict fibrillar network expansion, 
even when degenerative influences have led to a substantial dismantling of much of 
the crucial interconnectivity in the matrix. 
 
It should also be noted that, irrespective of health, the basic indentation properties of a 
tissue will vary considerably over the surface of a normal joint, between joints and 
between people.  We therefore stress the importance of distinguishing between these 
natural variations and variations due to disease or degradation.  This important 
distinction will need to be made for any in vivo test to be satisfactory and 
unequivocally relevant. It is generally accepted that in the earliest stages of 
osteoarthritis, there is a disruption of the collagen structure in the superficial layer 
leading to a loss of proteoglycan [19,20].  Broom et al [2] studied the structural 
changes in the matrix surrounding focal arthritic regions and found significant 
changes in the collagen integrity of macroscopically normal, intact tissue, particularly 
in the superficial zones. The ease of accessibility of the articular surface, coupled with 
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its compromised integrity early in disease progression, make it a prime target for 
diagnosis.  
 
The collagen meshwork in the superficial layer is aligned tangentially to the articular 
surface, providing a strain-limiting function [21].  Published work shows that 
significant stretching is seen in this meshwork during crack propagation [22].  We 
propose that a measure of the stretch under load due to the microcracking/breakdown 
of the collagen network in the superficial layer can be used to provide an indication of 
the susceptibility to damage and osteoarthritic-type degradation.  We further suggest 
that, from a diagnostic viewpoint, an analysis of the superficial layer may provide an 
additional and more detailed insight into disease progression than a stiffness 
measurement alone.  The present study investigates the degree of effective surface 
stretch due to axial loading to detect early arthritic changes in a joint and thus aid 
surgical decision making and extend the current osteoarthritic grading systems to 
provide diagnoses relevant to treatment. 
 
 
Materials and Method 
The philosophy of this methodology is to test the superficial zone in its functional 
role.  By loading the tissue with a spherical or cylindrical indenter, the collagen 
network in the superficial layer produces a strain-limiting behaviour [23,24], which 
plays a significant role in maintaining cartilage thickness in the consolidation process.  
The superficial zone will stretch under the indenter, and will also act in the region 
adjacent to the indentation.  A measure of the surface stretch, which is governed by 
the integrity of the collagen fibres and their interactions, for a given stress-strain 
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characteristic will provide important information about the integrity of the collagen 
network in this zone.  A strongly bonded network will resist this stretch, but a weakly 
bonded network will be able to deform more.  By combining this data with the 
classical axial indentation data, a more thorough picture of the biomechanical 
integrity of the joint may be possible. 
 
 
Sample Preparation 
26 samples were tested from normal, artificially degraded and arthritic patellae. Intact 
joints were taken from oxen within 24 hours of slaughter, wrapped in a 0.15M saline 
soaked cloth and stored at -20°C.  Prior to testing, the joints were thawed in saline, 
sectioned into 14 x 14 mm squares and labelled according to their position on the 
patella.  The cartilage samples were taken off the bone and immediately glued to 
stainless steel disks in order to eliminate the influence of the bone on the mechanical 
response of the tissue.  A fine grid was imprinted using a waterproof marker and the 
samples returned to saline to recover for 2 hours at 4°C.   
 
8 Normal samples from 2 patellae were tested under static compressive loading, and 
artificially degraded to either disrupt the collagen network or deplete the proteoglycan 
content of the tissue.  After testing under compressive loading, four samples were 
placed in 0.15M phosphate-buffered saline (PBS) containing 30U.ml-1 collagenase 
(Sigma C0773 protease free, Sydney, Australia) for four hours at 37°C.  These were 
then blotted dry and returned to 0.15M saline before retesting.  The samples were then 
subjected to a further four hour collagenase treatment and retested.  A second group 
of four samples were treated for one hour in 0.1mg.ml-1 of Trypsin (from bovine 
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pancreas T4665, Sigma-Aldrich) in PBS and retested.  It should be noted that 
although collagenase treatment in PBS has minimal effect on proteoglycans, Trypsin 
can further attack collagen which has previously been cleaved.  A possible limitation 
in our experimental approach may be due to a lack of specificity of the action of the 
enzymes on the fibrils and proteoglycans in the artificially degraded samples.   
 
To test the application of the technique in naturally arthritic tissue, 6 visually normal 
samples from different patellae were harvested adjacent to focal arthritic defects and 
were tested under the same conditions as the normal samples.  The focal defects in the 
6 arthritic patellae were all characterised by exposed bone and occurred in either the 
lateral-distal area of the joint (shown in Figure 1) or the central-distal area. Samples 
were harvested from the nearest visually normal tissue to the defect on the lateral side. 
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Figure 1:  The harvesting of samples from arthritic joints.  The focal defect can be seen in the top right 
of the picture (lateral-distal).  Samples were harvested from visually normal tissue adjacent to the 
defect. 
 
 
Experimental Set-up 
Figure 2 presents the arrangement for testing.  A custom-built indenter was used to 
facilitate the photographing of the indentation imprint and stretching of the area 
around the indenter.  This indenter comprises a 6 mm diameter glass disk glued onto a 
20 mm thick glass plate of 100 mm diameter.  The plate was set in a stainless steel 
frame with an angled mirror to allow direct viewing through the indenter.   
 
 
Figure 2: Experimental apparatus 
 
 
 10 
Mechanical Parameters 
 Evaluation of Engineering Strain 
Samples were subjected to a static indentation load of 85N for 13s, corresponding to 
approximately 0.33MPa, on a Hounsfield Testing Machine (Hounsfield Testing 
Equipment, Salsford, England).  This figure was chosen to represent a pressure that 
can be expected to be applied by a surgeon at arthroscopy.  Axial force and 
displacement vs. time data were taken using a Yokogowa DL-708E digital 
oscilloscope (Yokogawa, Japan).  Engineering strain was calculated by 
! 
" = h
0
# h( ) h0  where h = instantaneous thickness and h0 = original thickness. 
 
Evaluation of Effective Surface Stretch 
Lateral stretch at the surface both under and surrounding the indentation was captured 
optically at different stages of the indentation using a Canon EOS 20-D digital camera 
equipped with a Tamron 90mm f2.8 macro lens.  ImageJ software (National Institutes 
of Health, USA) was used to track the x-y coordinates of the centroid of each grid 
point throughout the indentation, giving deformation data.  A superimposed plot of 
the lateral deformation, or stretch, in the articular surface under indentation is 
illustrated in Figure 3.  Under a plane-ended indenter, the articular surface undergoes 
deformation in a radial direction, increasing in magnitude with increased distance 
from the centre of indentation.  In the region adjacent to the indenter, the visible 
articular surface strain continued in an outward direction for up to 2 mm.  The inside 
end of each ray in Figure 3 shows the initial position of a point, while the outer end 
shows its position after 20s at 0.33 MPa. The effective surface stretch measurement 
was calculated by normalising the length of the rays (shown in Figure 3) against the 
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indenter size.  Evaluation based on effective stretch as defined in this study was 
considered appropriate because it is emphasised that this methodology might be 
applied in surgery in future, based on a known indenter geometry rather than a 
parameter that requires calculation based on the initial positions of grid points relative 
to the centre of indentation.  The effective surface stretch can therefore be derived as 
! 
ESS = s D  where 
! 
s  is the average stretch, or ray length, and D is the diameter of the 
indenter. 
 
 
Figure 3:  The radial strain pattern under indentation.  The photo shows the position of the grid under 
the indenter before load was applied.  The lines show the radial displacement of the grid points under 
an applied load. 
 
Histological Examination 
Each specimen was removed after testing and a 2mm by 4mm biopsy taken.  Each 
biopsy sample was placed on a metal mount and embedded in optimal cutting 
temperature (OCT) medium (IA018, ProSciTech) and rapidly frozen in liquid 
nitrogen to limit damage to the tissue samples.  The sample was then placed within a 
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cryostat and sectioned at 7µm in the transverse direction.  The sections were 
immediately picked up by a microscope slide and left to dry within a sealed container, 
at 4°C overnight.   
 
The presence and concentration of proteoglycans was determined by Safranin-O 
staining.  Safranin O is a cationic dye that binds stoichiometrically to 
mucopolysaccharides, that is, one positively charged dye molecule binds to one 
negatively charged carboxyl or sulphate group [25-28].  Slides were fixed in 95% 
alcohol for 30 seconds and left to dry in air.  Proteoglycans are hydrophilic and easily 
extracted during conventional histological aldehyde fixation, hence the use of a less 
disruptive fixative regime.  The slides were then hydrated in distilled water, rinsed in 
1% Acetic Acid for 8 dips and then stained in 0.1% Safranin-O for 5 minutes.  
Finally, the slides were dehydrated in 95% alcohol for 6 dips, followed by 8 dips in 
100% alcohol.  Colour photographs were captured by light microscope. 
 
Polarised light microscopy (PLM) was used to detect the presence of an oriented 
collagen network.  PLM measurements were performed using a Nikon Labo-Phot 
PLM.  To ensure reproducibility, the camera was calibrated to the light intensity of a 
λ/4 wave plate, with a known birefringence.  The exposure time was then adjusted to 
the thin section of cartilage and kept constant for the remaining samples.  Slides were 
placed on the moveable stage, with the articular surface facing toward the body of the 
microscope.  The stage was then turned 45° to ensure maximum light emittance 
through the polarisers and therefore maximum brightness.  The image was captured, 
and converted to ImageJ software for analysis of the retardance profiles. 
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To test the statistical significance of deviations from the normal, the Student’s t-
distribution was used to obtain a P-value.  P-values of greater than 0.1 accepted the 
null hypothesis of no change (equivalent to 90% confidence interval).  P-values of 
less then 0.1 were labelled for comparison. 
 
Results 
Figure 4 shows the variations across a normal joint as measured by each technique.  
The axial strains at 0.33 MPa at different positions on the same normal patella is 
illustrated in Figure 4a.  Figure 4b shows the variation in the effective surface stretch 
for the same indentation.  These graphs illustrate the considerably larger variation in 
axial strain than effective surface stretch across the joint.  The mean axial strain and 
effective surface stretch were 0.24 and 0.027 respectively.  The range as a percentage 
of the mean was 42 and 14% respectively. 
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Figure 4: The variation in axial strain (A) and effective surface stretch (B) across different areas of the 
joint surface in normal samples  
 
Representative data from specimens subjected to collagenase and trypsin treatments, 
and visually normal specimens harvested adjacent to arthritic defects are illustrated in 
Figure 5.  These graphs show the axial strain, effective surface stretch and their ratio 
! 
ESS :"( ) respectively.  Four and eight hour degradation in collagenase resulted in a 
considerably higher effective surface stretch, p<0.01 and p<0.001 respectively, with a 
visible but a smaller increase in axial strain.  The axial strains for the samples that 
underwent collagenase degradation fell within the normal range.  One hour 
degradation in trypsin produced a large increase in axial strain p<0.01.  This 
degradation also resulted in an increased effective surface stretch, but this was lower 
than for the 8hr collagenase treatment.  Osteoarthritic samples, labelled OA-1 to OA-
6, were characterised by increased effective surface stretch (all p<0.001), but only 
OA-4 showed an increased axial strain p<0.01.  The ratio of effective surface stretch 
to axial strain increased for collagenase treatment and decreased for trypsin treatment.  
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The arthritic samples show similar effective surface stretch to axial strain ratios, all 
higher than the normal (p<0.1).  
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Figure 5:  Representative axial strain (A), effective surface stretch (B) and strain ratio (C) for normal 
(n=8) samples degraded by collagenase and trypsin, compared with visually normal samples harvested 
from arthritic joints.  Once star represents p<0.1, two stars represent p<0.01, and three stars represent 
p<0.001. 
 
 
Polarised light micrographs were used to quantify collagen alignment in the 
superficial 20% of the tissue as a measure of the collagen network integrity.  Figure 
6a describes the birefringence profile of normal and osteoarthritic samples with depth.  
Figure 6b compares the average birefringence over this depth.  These results fail to 
show any overall difference in content and alignment between normal and 
osteoarthritic tissue, with the exception of OA-1 (p<0.1) which shows lower 
birefringence.  In the superficial zone (up to 5% of depth), the normal and arthritic 
samples overlap indicating no difference in this region.  Figure 7 shows the Safranin-
O staining of the normal and arthritic samples.  The level of Safranin-O stain, which 
binds to proteoglycans, was substantially reduced in the arthritic tissue.  It can be 
observed in Figure 7 that sample OA-3 has some surface disruption.  The dark regions 
at the top of other sections (eg. OA-4) are due to crinkling during the staining process  
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Figure 6: Profile of collagen alignment by PLM in the superficial 20% of tissue depth (A) and average 
intensity over this depth (B).  One star represents p<0.1. 
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Figure 7: Proteoglycan content in normal and arthritic tissues by Safranin-O staining 
 
Discussion 
The results of this investigation suggest that the effective surface stretch measurement 
is very sensitive to degenerative changes originating at the surface of the cartilage 
layer, and appears to be superior in detecting this mode of arthritic change. For 
degenerative changes originating in the deeper zones of the matrix, the compliance 
measurement is likely to be more effective.  By considering the relationship between 
the axial strain and effective surface stretch, a more accurate picture of health may 
therefore be determined. 
 
Axial strain values demonstrate a wider variation across the normal joint than the 
effective surface stretch measured under the same compressive load.  We can observe 
from Figure 4a, the large natural range (42% of mean) in axial strain, and therefore 
stiffness and compliance, across a normal joint.  The variation in effective surface 
stretch under the same level of loading is considerably smaller (14%), and appears 
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therefore to be more sensitive to the changes in the integrity of the collagen network 
induced by collagenase treatment (see Figure 5b).  The increase in effective surface 
stretch for the artificially degraded samples was 34 (p<0.01), 119 (p<0.001) and 89% 
(p<0.001) for 4hr collagenase, 8hr collagenase and 1hr trypsin treatment respectively.  
The measured effective surface stretch for the osteoarthritic samples was at least 37% 
higher than the largest stretch measured in the normal samples.  As each of these 
values falls well outside of the natural range we conclude that the effective surface 
stretch measurement can detect degenerative changes with a high degree of 
confidence.   
 
Although a measurement of compliance is also sensitive to the degenerative changes 
induced in this experimental program, it is limited by its inability to distinguish small 
collagen-disruptive or arthritic changes from the natural variations across the joint.  
The increase in axial strain presented in Figure 5a for 4hr collagenase, 8hr 
collagenase and 1hr trypsin treatment were 14, 34 and 110% (p<0.01) respectively.  
Each of the strain values for samples that underwent collagen degradation fall within 
the natural variation in the normal samples, suggesting that these results alone cannot 
be used to evaluate small changes.  From Figure 5a we can conclude that the axial 
strain appears sensitive to artificially induced changes in the proteoglycan content. 
The arthritic samples however, which were characterised by reduced proteoglycan 
content, were generally not detected using axial strain values from compressive 
loading. 
 
Because collagenase acts to loosen up the collagen network, it is plausible to argue 
that its effect will be that of increasing the surface stretch, thereby providing an 
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assessment protocol that is considerably more sensitive than axial strain for this type 
of degradation.  Axial strain, however, is more influenced by the depletion of 
proteoglycans through trypsin treatment.  We therefore propose that useful 
information about the nature of the degeneration in a given tissue may also be 
obtained by considering the relationship between the axial strain and effective surface 
stretch in addition to the effective surface stretch measurement alone.  Figure 5c 
shows that a reduction in the integrity of the collagen network increases the ratio of 
effective surface stretch to axial strain, while the depletion of proteoglycan decreases 
the ratio. Applying this relationship to the visually normal samples adjacent to the 
arthritic defects generally showed an increased ratio, or increased effective surface 
stretch behaviour accompanied by a small or no increase in axial strain, indicating 
that a disruption of the collagen network has occurred.  Arthritic sample OA-4 shows 
very large axial strain behaviour and a large effective surface stretch, indicating a 
more substantial deep proteoglycan loss (Figure 7) in addition to considerable 
collagen disruption. 
 
It is known that collagen disruption at the surface is apparent in the early stages of 
osteoarthritis.  The PLM technique used in these investigations, however, was not 
sufficiently sensitive to show significant collagen degradation in the samples, with the 
exception of sample OA-1 (Figure 6).  Safranin-O staining, however, revealed a 
substantial proteoglycan depletion associated with the disease process as can be seen 
in Figure 7.   
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Conclusion 
We conclude from this in vitro study that the development of effective surface stretch 
in articular cartilage is more sensitive to anatomical changes in articular cartilage, 
including small changes in the collagen network, and can be employed for 
distinguishing structural and biomechanical alterations due to disease and 
biomechanical/biochemical degradation.  By considering the relationship between the 
basic indentation data and the concomitant surface stretch, a more sensitive indication 
of the condition of the entire cartilage matrix may be possible.  Such a technique may 
allow a more meaningful analysis of health to be made at arthroscopy.  This is 
especially important in determining the extent of the disease for tissue replacement 
and tissue removal at surgery. 
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